A ttention and eye movements are two major components of visual perception, both being necessary to select information from our rich visual environment. Although typically linked, spatial attention can move independently of eye movements, a capacity known as covert attention. 1 The focus of covert attention can be measured as the spatially restricted areas where performance in visual detection or discrimination tasks is best. Attention typically can be driven by endogenous (e.g., verbal commands) or exogenous cues (e.g., spatially restricted stimuli) provided shortly before presentation of the target. 1 Another form of exogenous shift of covert attention, called presaccadic shift of attention, takes place in absence of any cue, just before a saccade is elicited toward the vicinity of the target. [2] [3] [4] [5] According to the premotor theory of attention, 6 covert shifts of visuospatial attention are nothing but an oculomotor activation (saccade preparation) without actual movement execution. A recent reappraisal of this theory suggests that it holds particularly well for the exogenous type of visual attention shift 7 : indeed, presaccadic shifts of attention seem to be coupled with the saccade endpoint, rather than with the saccade target location [8] [9] [10] [11] (but see Ditterich et al. 12 ), when those are dissociated by saccadic adaptation elicited by the target double-step paradigm. 13 Note that, although the premotor theory predicts a bidirectional functional coupling between attention and action, evidence for a link from attention to oculomotor responses is scarce. The effects exerted on saccade initiation by perceptual urgency, 14 motivation, 15 or concurrent distractor presentation 11 may, in fact, occur at sensory level and, thus, only indirectly point at a functional coupling between attention and action. Another piece of evidence is the demonstrated effect on saccade curvature of visual distractors presented shortly before saccade execution, [16] [17] [18] but the alternative explanation of low-level interaction between target and distractor visual signals cannot be dismissed. Recently, we have shown 19, 20 that adaptation of reactive saccades (RS, elicited by the sudden presentation of a visual target) by the target double-step paradigm engaged activity in the temporo-parietal junction (TPJ), whereas adaptation of voluntary saccades (VS, elicited while scanning a set of visual targets) activated the posterior intraparietal sulcus (pIPS). This specificity of adaptation-related network relative to saccade type is compatible with the proposed ventral and dorsal systems controlling, respectively, exogenous and endogenous shifts of attention. 2, 12, 21 This last observation suggests a functional coupling between covert attention and saccadic adaptation.
To test this hypothesis, we studied whether experimentallycontrolled modulation of the subjects' attention can modify saccadic adaptation. We used this model of sensorimotor plasticity because it allows for automatic (without subject's awareness) changes of internal spatial parameters of the saccadic system in response to repeated visual target perturbaCopyright 2015 The Association for Research in Vision and Ophthalmology, Inc. iovs.arvojournals.org j ISSN: 1552-5783 tion. 22 To vary the attentional demands, subjects had to perform either the saccadic adaptation alone, or to additionally discriminate the same visual stimuli used to elicit adaptation, but with two sets of instructions yielding two different levels of difficulty. The results showed that increasing the attentional demand enhanced saccadic adaptation.
MATERIALS AND METHODS

Subjects
Eight subjects with normal or corrected-to-normal vision volunteered for this study (6 females; mean age 6 SD, 31 6 5). They performed the high-low attention conditions in a counter-balanced order (separated by at least 7 days). Eight additional subjects (one from the previous group, 6 females; mean age 6 SD, 29.5 6 5) participated in the no-discrimination task control experiment. All but one (author) were naive to the goal of the study. All procedures complied with the Ethical Principles of the Declaration of Helsinki.
Experimental Set-Up and Stimuli
Experiments were performed in a dark room. Subjects were sitting 57 cm away from a 140 Hz linearized computer screen (308 3 408), with their head stabilized by a chin rest, cheekbone rests and frontal support. An infrared tracker (Eyelink 1000, SR Research, Ottawa, Ontario, Canada) with a frequency of 500 Hz and a spatial resolution of 0.058 was used to record binocular eye movements. Laboratory-made software allowed on-line monitoring of calibrated eye movements, saccade-contingent triggering of the visual stimulation, and storage of eye-movement data for off-line analysis.
Stimuli were created with Matlab R2010b (available in the public domain at http://www.mathworks.com/) and displayed with the Visual Stimuli Generation system (CRS, Cambridge, United Kingdom) on a gray background (22 cd/m 2 ). Stimuli consisted of two target categories (Fig. 1b) : a plaid (superimposition of two orthogonal Gabor patches) served as initial target in all blocks and, in adaptation phase, a 2-cycle/deg Gabor tilted at different angles (62.58 with respect to the vertical, 62.58 with respect to the horizontal) served as secondary target. All targets had a diameter of 28. A black dot (0.68 diameter) served as fixation point.
Procedure
In the main experiment, the two discriminative conditions (''Low'' [LAD] and ''High'' [HAD] Attention Demanding) differed from each other only in the task difficulty related to different instructions, the visual stimuli and oculomotor tasks being identical. They comprised three saccadic adaptation blocks, and pre-and postadaptation blocks with no target jump (description in Fig. 1a caption) .
Pre-and postadaptation blocks, specifically suited to assess adaptive changes of motor commands (see the study of Bastian 23 ), consisted each of 24 trials (12 per direction, in a randomized order) of reactive (RS) and voluntary (VS) saccades. In these blocks, RS trials started with a central fixation point that extinguished after a variable delay (500-1100 ms) while a plaid target that subjects were required to saccade appeared at 6168. Upon saccade detection (velocity threshold, 808-908/s), the target was made to disappear leaving a blank screen. Voluntary saccade trials also started with the fixation point, but located 48 above the screen center. After 1500 ms, two plaid targets appeared, one located at the screen center and the other located laterally at 6168. After 500 ms, a circle surrounding the fixation point appeared signaling subjects first to make a vertical saccade toward the central target and then to voluntarily initiate a horizontal saccade toward the lateral target. All targets and fixation point disappeared upon detection of the horizontal VS (velocity threshold, 808-908/s). Note that no visual feedback (no Gabor) was provided in these blocks, as the plaid disappeared upon saccade initiation.
The adaptation phase consisted of 3 blocks of 48 RS trials (12 rightward and 36 leftward saccades in a randomized order). During each trial, a central fixation point appeared for a random duration (500-1100 ms) and then turned off while simultaneously a plaid target appeared at 6168. Subjects were required to saccade the target and as soon as the RS was detected (velocity threshold, 808-908/s) this target disappeared and was replaced by one of the four possible Gabors (Fig. 1b) . For six subjects, the Gabor target was displayed for 50 ms and was replaced by a white noise dots mask (50 ms duration) covering the whole display to shorten the target visual persistence. For two subjects, due to weaker discrimination abilities measured in pilot testing, the duration of the Gabor target and of the mask were increased to 100 msec. As the screen returned blank, subjects were asked to respond whether the appearing Gabor was nearly vertical or nearly horizontal (LAD), or was tilted slightly left or slightly right (HAD). In all rightward trials, the Gabor target was presented at the same location as the plaid target, whereas in the leftward trials, the Gabor was systematically shifted toward the center to elicit an amplitude shortening adaptation. The blank interval was dependent on saccade latency: as subjects were instructed to move their eyes back to the center as soon as the blank interval started, this insured that no rightward saccade toward a visible fixation point was made. The intrasaccadic target step represented 25%, 32.5%, and 40% of initial target eccentricity for the first, second, and third block of trials, respectively. The Gabor 50 ms duration was chosen as previously proven sufficient to induce saccade adaptation, 24 whereas longer duration would have reduced the discrimination task difficulty, as determined by pilot tests. All participants shortly practiced the discrimination task (15 trials) without target jump (similar to trials with target in the right hemifield) and had short breaks (1-2 mn) between adaptation blocks during the main experiment.
In the no-discrimination control experiment, subjects performed a single session with identical stimuli as in the main experiment, but did not perform any discrimination task on the Gabors (see Supplementary Material).
Eye Data Analysis
The ''cyclopean'' eye position was first derived by averaging the two eye position waveforms. Horizontal saccade amplitude was computed as the difference of horizontal eye position between saccade onset and termination. Saccade gain was computed as the ratio between saccade amplitude and target eccentricity (distance relative to initial eye position). Gain change was calculated as the difference between each individual saccade gain in the adaptation and post phases, and the mean gain in the corresponding prephase. For the adaptation phase, accuracy of the primary saccade was measured as the distance between its endpoint and the center of the backward stepped target, resulting in saccadic error in degree. Finally, the speed of adaptation was assessed for each subject and each adaptation block, by measuring the slope of the linear relationship between saccadic gain and trial number (gain change slope). Approximately 2% of trials were excluded from analyses because of blinks or noisy eye position signal. All statistical analyses (1-way ANOVAs with adaptation blocks as factor [3 levels] performed separately for each session, 2-way Adaptation trial temporal sequence. Subjects were asked first to fixate the center and then to make a saccade toward the initial target (plaid target consisting of two superimposed Gabor patches, right). As soon as the saccade was detected (velocity threshold 808-908/s), the secondary target appeared for 50 ms (*100 msec in two subjects, see Methods). This target was randomly selected among the four Gabor patches shown on the right (2-cycle/deg, tilted þ2.58 or À2.58 with respect to the vertical or to the ANOVAs [3 adaptation blocks 3 2 sessions], and post hoc paired t-tests) were performed with Matlab R2010b Statistical Toolbox (available in the public domain at http://www. mathworks.com/).
RESULTS
First, we computed for each subject the percentage of correct responses in each condition. The mean percentage of correct responses was significantly lower in HAD (75.7 6 8%) than in LAD (91.3 6 6%; 2-way ANOVA, significant effect of condition [HAD, LAD]; F[1,42] ¼ 15.6; P < 0.001). This difference is consistent with a higher level of difficulty of the perceptual task in HAD than in LAD, and, indeed, all subjects reported at debrief that they needed to concentrate more in the former task.
Second, we compared saccadic data between LAD and HAD for pre-/postadaptation phases and for adaptation phases. Figure 2 represents the mean gain change (post minus pre) of RS (Fig. 2a) and VS (Fig. 2b) . As seen on the Figure, there was a reduction of gain for leftward saccades but no change for rightward saccades. This unidirectional effect is compatible with the well-known direction-specificity of saccadic adaptation (see review of Pelisson et al. 22 ). Crucially, these adaptation-related reductions of leftward saccades gain were larger in HAD than in LAD. Indeed, there was a significant difference of gain change between the two conditions, for RS (paired t-test, t [7] ¼ 3.02, P < 0.05) and for VS (t [7] ¼ 2.5, P < 0.05; see also individual gain and gain changes of RS and VS in Supplementary Tables S3 and S4 ). However, the transfer of RS adaptation to VS, as calculated by (VS gain change/RS gain change) 3 100, was not significantly higher in HAD (60%) than in LAD (35.5%; t [7] ¼ À1.86, P ¼ 0.1; see also the intra-subject variability of post-VS gain in sessions in Supplementary Table  S2) . Importantly, the discrimination task did not by itself modify saccade gain, as disclosed by the lack of significant gain difference for rightward saccades between pre/post and RS adaptation phases (1-way ANOVA, F [7, 4] 
Pre-/Postadaptation Phases
Thus, pre-versus postadaptation gain changes reveal that the retention of RS adaptation significantly increased with the level of attention load. These values also exceeded those observed in the no-discrimination experiment where adaptation was elicited in a new group of subjects (with the exception of 1 participant) in the absence of any discrimination task (gain change, À0.034 [60.05], see Supplementary Data and Supplementary Table S1 for statistical results and mean gain values, respectively).
Saccadic Adaptation Phases
To test whether the level of attention load also modified the time-course of adaptation, we plotted in Figure 3a the RS gain data during the three adaptation blocks. The individual mean gain plot (Fig. 3b) illustrates that, in both conditions, the gain decreased progressively as a function of trial number from a common baseline value (no difference of preadaptation RS gain between HAD and LAD (t [7] ¼ 0.98, P ¼ 0.35), in accordance with the backward intrasaccadic target step. Moreover, this gain decrease appeared to differ between conditions, as more clearly illustrated by the mean gain change values computed in each adaptation block (Fig. 3a) : the gain change was systematically higher in HAD than in LAD.
Indeed, a 2-way ANOVA showed a significant effect of condition on saccadic gain change (F[1,42] ¼ 13.1, P < 0.01), and post hoc paired t-test performed for each adaptation block showed a significant difference between conditions in the 25% block (t [7] ¼ 2.7, P < 0.05), in the 32.5% block (t [7] ¼ 2.8, P < 0.05), and in the 40% block (t [7] ¼ 4.8, P < 0.01). In contrast, the gain change of rightward saccades (i.e., performed in the nonadapted direction) did not show any difference between conditions (À0.0368 6 0.01 for LAD versus À0.0121 6 0.01 for HAD, F[1,42] ¼ 2.89, P ¼ 0.09; see also individual mean gain plot in the non-adapted right hemifield [ Supplementary Fig.  S1 ]).
We then investigated the speed of adaptation by computing for each subject and each adaptation block the gain change slope (see Methods). As shown in Figure 4 , the negative value of gain change slope (reflecting the adaptation-related decrease of saccade gain) was nearly constant for all three blocks of LAD. This is confirmed by the absence of significant ''Block'' effect of the 1-way ANOVA (F [2, 21] ) ¼ 0.064, P ¼ 0.94). In contrast, in HAD, there was a significant ''Block'' effect (F[2,21] ¼ 10.04, P < 0.001), revealing a progressive increase from blocks 25% to 40% (i.e., a reduction of the negative slope, Fig. 4a, right) . We next asked whether attention load also has an effect on the accuracy of adapted primary saccades (see Fig.  4c ). A 2-way ANOVA testing leftward saccadic accuracy revealed a significant effect of condition (F [ As a first step toward comparing the perceptual and oculomotor performance of our subjects, we plotted in Figure  4b the percentage of correct responses in the discrimination task. We found a similar pattern of change between Blocks as for the gain change slope: the 1-way ANOVA revealed no significant effect of the ''Block'' factor for LAD (F[2,21] ¼ 1.36, P ¼ 0.27), but disclosed a significant effect for HAD (F[2,21] ¼ 6.56, P < 0.01). For HAD, the mean perceptual performance increased from block 25% to block 40%, whereas the saccade gain decreased less and less rapidly. Note further that for rightward saccade trials (control), subjects did not show any significant change across blocks of their perceptual performance for either condition (LAD, F [2, 21] Figure 4b . The pattern of changes over blocks in gain slopes and discrimination performance for HAD (Figs. 4a,  4b ) could support the possibility of a trade-off whereby subjects adapt best when their discrimination performance is least. Lower perceptual performance being unlikely to cause such an increased rate of adaptation, we suggest it rather reflects an increased deployment of attentional resources due to perceptual task difficulty, which boosts saccadic error correction mechanisms. Since a significant change of afterhorizontal). For leftward saccades, the secondary target was stepped relative to the initial target by 25%, 32.5%, or 40% in adaptation blocks 1, 2, and 3, respectively. For rightward saccades, the secondary target appeared at the same location as the initial target (168). A mask then appeared for 50 ms (*100 msec in two subjects, see Methods) immediately at target offset. At the end of each trial, when the surrounded fixation point appeared, subjects were asked to discriminate the tilt of the Gabor according to two different instructions: vertical or horizontal tilt in LAD versus left or right tilt in HAD. Note that in preand postadaptation phases of RS (not shown), the sequence of events was the same until the saccade was detected at which point the screen was blanked until the start of the next trial (no secondary target and no discrimination: see main text for more details about the procedure and for the VS pre-and postadaptation trials).
effects is detected between conditions, we believe that these mechanisms involve sensorimotor saccadic plasticity.
We then tested for potential correlations between perceptual and oculomotor performances. We first correlated the percentage of correct responses determined for each subject and each block to the respective gain change slopes. Whereas no correlation was found for LAD (q ¼ À0.09, P ¼ 0.54), a significant correlation was found for HAD (q ¼ 0.35, P < 0.05). This observation is consistent with the positive relationship between mean gain slope and correct responses (increase of correct responses as a function of less negative gain slopes) observed in Figures 4a, 4b (right panels) . We then correlated subjects' perceptual performance and saccadic error and found no significant correlation for saccadic error (LAD, q ¼À0.04, P ¼ 0.76; HAD, q ¼ 0.08, P ¼ 0.43).
Finally, we checked whether other oculomotor parameters varied as a function of the attentional load levels. 
DISCUSSION
By varying the level of attention necessary to discriminate target stimuli used to elicit adaptation of RS, we found that the amount and speed of RS adaptation were larger in the HAD task than in the LAD task.
Effect of Attentional Load on Saccadic Adaptation
The comparison of perceptual performance between the two conditions confirms that HAD was more difficult than LAD. In particular, in LAD, the amount of correct responses was stable over time and similar for the left (shifting) and the right (stationary) targets. In HAD, instead, the discrimination performance for left targets was lower, particularly at the beginning of the adaptation phase, and increased over time to reach the same level as for right targets. This increase in performance during HAD could, in principle, be related indirectly to the observed faster adaptation, yielding a lower error of primary saccades (i.e., a smaller retinal eccentricity of the Gabor). In fact, saccadic error did differ between the two conditions, being significantly smaller in HAD compared to LAD. This difference in saccade accuracy was present already in the first adaptation block, in which the difference of discrimination performance between conditions was highest. In addition, the time-course of saccade accuracy and discrimination performance over the 3 adaptation blocks are not parallel. Finally, there was no within-block correlation between perceptual performance and saccadic error in either condition. These observations suggested that the increase of performance during HAD is not causally related to changes in primary saccade accuracy. Thus, the significant correlation across trial blocks between this increase of performance and the adaptation slopes, with higher attentional load (indexed by lower perceptual performance) yielding higher adaptation rate, supports a causal relationship from attention load to adaptation efficacy.
In conclusion, higher attentional load required by visual processing of the saccadic target could boost either the processing of target error signals, necessary to elicit adaptation, and/or the plasticity processes underlying saccade adaptive modifications. We discuss below recent data supporting the existence of a coupling between attention and adaptation, and then the possible neural substrates of this coupling.
Coupling Between Saccadic Adaptation and Attention/Visual Perception
By showing a direct effect of attention on adaptation, our findings support and extend the notion of a functional coupling between covert attention and saccadic adaptation. Ditterich et al. 21 previously compared the efficacy of saccadic adaptation in different visual background conditions. They found that intrasaccadic shifts of the background do not influence adaptation of saccades toward a small target, but do influence saccadic adaptation when a 4.88 annulus is used as a target, and concluded that in the latter case the error signal inducing adaptation increased because the attentional focus was commensurate with the target size. In a recent study, Khan et al. 25 investigated the effect on saccade amplitude of flashing a distractor near a peripheral target, just after the completion of the saccade to this target. When flashed repeatedly at a less eccentric location than the target, and even though not eliciting any saccade, the distractor generated a progressive reduction of saccade amplitude, akin to saccadic adaptation. The authors concluded that the covert shift of exogenous attention elicited by the distractor could act as an error signal for saccade adaptation. This conclusion is consistent with another recent finding reported by Schütz et al. 26 that saccade adaptation can be induced in a natural perceptual task without any bottom-up error signals (no target step). Indeed, adaptive changes of saccades performed toward a protracted target during a perceptual task were elicited by systematically placing a visual item to be discriminated (letter) at an eccentric location relative to the target center-of-gravity where the nonadapted saccade naturally lands. Thus, saccadic adaptation could be elicited by top-down information about the expected location of interest within a stationary visual target; therefore, possibly resulting from endogenous attention mechanisms. Finally, the likely best evidence so far for a link between attention and saccadic adaptation has been provided by McFadden et al. 27 : these authors showed that it is possible to adapt covert attention shifts elicited in a Posner-like cued discrimination task and that such adaptation of attention transfers to saccades.
Possible Neural Substrates
The overlap of oculomotor and attention neural systems has provided a strong support to the premotor theory of spatial attention. Neuroimaging and transcranial magnetic stimulation (TMS) studies in humans have shown that attending covertly to a peripheral location or preparing to move the eyes toward this location activates the same neural network of frontoparietal regions 7, 28 which in turn modulate the activity of visual areas, such as MT and V4 (see prior review 29 ). However, scarce evidence exists on the effects of attentional load on these spatial attention and saccade neural systems. A notable exception is an fMRI study 30 which showed that attentional load, controlled by varying the number of simultaneously attended moving targets, activates several parietal and frontal cortical areas, including those involved in saccadic adaptation (Pre-Central Sulcus [PreCS] and intraparietal sulcus [IPS]), as reported in our previous fMRI and TMS studies. 19, 20 Therefore, one may speculate that the high attentional load in our study led to an increased activity of PreCS and IPS.
To conclude, the present study demonstrated that merely increasing the attentional load to the saccade target can boost saccadic adaptation. This coupling suggests that saccadic adaptation and visual attention mechanisms may share common neural substrates.
